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A fuel cell system has an anode chamber (12) and a cathode 
chamber (14) which are separated by a proton- conducting 
membrane (16). There is a cathode supply line (20) for 
oxygen-containing gas to the cathode chamber and an 
anode line for the supply of a liquid coolant/fuel mixture to 
the anode chamber. The anode chamber is located in an 
anode circuit comprising a radiator 946), a gas separator (52) 
and a pump (34). There is a subdivision of the anode circuit 
into a circulating circuit and a cooling circuit. The latter joins 
an anode drain line (22) to the anode supply line and has a 
gas separator with a radiator in the flow direction. The 
circulating circuit is designed as the bypass line 930) 
connecting the drain line and the gas separator. 
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Description of W09944249 



Field Of The Invention . : . . ; . . . . . : . . ,, ; ,- . 

The invention relates to liquid feed solid polymer fuel cell systems. Particularly it relates to fuel circulation ' 
subsystem s for such systems. • ' ' " - ^ K • • : r ; - L ~ : v ^ ' ^ 1 ' '■ • - : ' * 

Background Of The Invention 

At present, with regards to generating power using liquid energy sources in solid polymer fuel cell 
systems (also known as proton exchange membrane or PEM fuel cells), much world-wide effort is 
directed at reforming liquid methanol using a reformer system in order to produce hydrogen gas.Therein, 
a mixture of water and methanol is vaporized and! reacted in a reformer to produce oxygen, carbon • - : • ) 
dioxide, and carbon monoxide. The vaporization and reforming processes require significant energy - 

This results in a loss in overall efficiency: for the complete system. Additionally, further processing steps: .:. 
are necessary in order to purify the reformed product gas before it can be supplied to a solid polymer fuel;: 
oell system. ^ •• ;M \n ' ' ' ' , " " ' 1.1 • • , • .. •. v.. \ \ ■ ! i J •/ 

Also, in the reforming process, more water is typically consumed in making hydrogen than is later . .: ft 
produced in the fuel ceil by the reaction of the hydrogen with oxidant. Thus, the product water from the 
fuel cell is generally insufficient to supply the heeds of the reformer and therefore a supply of water is fl 1H $; 
required along with a supply of fuel, in the fuel ceir^^ : : ; : : 

An alternative to reforming a liquid fuel feedstock for use in a fuel cell is to employ a suitable liquid fuel \ j'- 
that can be directly oxidized in a liquid feed fuel cell (i. e. without reforming). For instance, U. S. Patent ] 
No. 5,599,638 discloses a liquid feed fuel ceil system incorporating a stack of individual fuel cells. The : 
system employs a fuel circulation loop that comprises a heat exchanger for cooling the circulating fuel 
stream, a circulation tank in which the cooled exhaust fuel stream is mixed with a fresh supply of water 
and fuel from a fuel and water injection unit, a gas separator integrated info the circulation tank for . 
separating out product carbon dioxide from; the fuel stream, and a pump for circulating the fuel: stream; 
The cathode exhaust from the fuel cell stack comprises oxygen and water vapor that is d trected . through : 
a water recovery unit to separate water therefrom. The separated water is directed to the fuel and water 
injection unit. : . ;• • • ' -' e - v "- k::S •• ' ' " :! ""' ' • 

Summary Of The Invention . • ; . : . . . . . . .. .. .. . 

A liquid feed solid polymer fuel cell system includes.at least one fuel cell and a subsystem for circulating 
a liquid fuel stream from an anode outlet to. an anode inlet of the fuel cell. The subsystem preferably ' 
comprises a fuel circulation loop that connects; the anode outlet to the anode inlet, a pump in the fuel : . 
circulation loop to circulate the liquid fuel stream, a gas separator in the fuel circulation Iqob to separate •; 
gas from the circulating liquid fuel stream, and a cooler in the fuel circulation loop for controlling the ; 
temperature of the liquid fuel stream. A cooler by-pass line can also be used in; the subsystem so that ; ' ' 
some or all of the circulating fuel stream can bypass the cooler. This can be advantageous in bringing 
the fuel cell system into an operating temperature range, mor^ 

After warming up, at least a portion of the circulating fuel stream may be directed through: the cooler in 
order to keep the temperature in the desired operating temperature range. The cooler by-pass line is ' 



The valve is preferably operated so as to adjust flow througrv the cooler by-pass line In accordance with 
the temperature of the liquid fuel stream. For instance, the valve may be operated to increase flow 
through the cooler bypass line when the temperature of the circulating liquid fuel stream is below a .• 
predetermined temperature, and to decrease flow through the cooler by-pass line when the temperature 
of the circulating liquid fuel stream is at or above the pre-determined temperature, i . : .• : • • 



The valve is preferably located at the connection of the cooler by-pass line arid the fuel circulation loop 
downstream of said cooler. . : 

Further, the ; yalve is ; preferably operative for adjusting the flow in the circulation loop through both the 
cooler and the cooler by-pass line. That is, the valve may be operated to simultaneously increase flow 
through the cooler by-pass line while decreasing flow through the cooler, or alternatively to f'2 . '• 

simultaneously decrease flow through the cooler by-pass line while increasing flo\^v through the cooler. A 
three-way valve, for example, can then control the fractions of the circulating fuel stream that are directed 
through the cooler and through the cooler by-pass line. ! ; ; 

The temperature of the circulating fuel stream, measured; for example hear the; anode inlet; may desirably . : 
be used to control the operation of the valve. Thus, the subsystem may comprise a temperature sensor ! m 
for monitoring the temperature of the liquid fuel, stream. A signal. from the temperature sensor may then r 
be used to control, the operation of the valve. : • : ; : : >.::.' 

The gas separator in the subsystem is preferably located downstream of the- cooler in the circulation 
loop. Gases that are separated out from the circulating fuel stream may exit the gas separator through a : • 
gas separating line. . : ]■ . : ,\ . : 

The gas separating line may comprise a gas cooler and a liquid separator to condense water and fuel : 
from the separated gases and return it to the circulating fuel stream. The remaining: separated gases ma 
then be directed so as to join the cathode exhaust from the fuel cell by fluidly connecting the gas - 
separating line to a cathode outlet of the fuel cell. : . : 

The subsystem may optionally further comprise an ion exchanger in an ion exchanger by-pass line for 
purposes of purifying the circulating fuel stream. Since the fuel stream exiting the fuej;cell stack is ; 
typically too warnri to feed to an ion exchanger, the iph exchanger by-pass line is fluidly connected in Sf 
parallel to a portion of the fuel circulation loop downstream of said cooler, in a preferred embodiment, 
where the valve is located at the connection of the cooler by-pass line and the fuel circulation Ibop 
downstream of the cooler, the ion exchanger by-pass line is preferably connected in parallel across the 
valve, downstream of the cooler. In this way, at least a portion of the liquid fuel stream coming from the 
anode outlet can be directed through the cooler and then through ion exchanger independent of the 
operation of the valve. ;(F ; :]| m . -:\\ : : : v ": - . f ' : . ; \ . ' .'■ ' ; : • \ : : : ; _ -• 

Thus, a portion of the circulating fuel stream is purified to some extent regardless of valve operation. 
Flow through the ion exchanger bypass line may be controlled, for example, by incorporating a one way 
valve and an adjustable valve in the ion exchanger by-pass line downstream of the ion exchanger. The 
one way valve may be used to prevent reverse flow through the by-pass line and the adjustable valve : 
may be used to adjust the portion of the circulating fuel stream to be directed through the ion exchanger. 

in a subsystem comprising an ion exchanger, the gas separator may be located downstream of the ion 
exchanger by-pass line. As mentioned above, water and fuel vapors separated out from the circulating ' 
liquid fuel stream by the gas separator may be condensed and collected in a liquid separator. This water i 
and fuel may then conveniently be returned to the circulating fuel stream by fluidly connecting the liquid 
separator to the ion exchanger. Water may also be condensed and collected from the cathode exhaust .: • 
gas of the fuel cell. This water may also be conveniently returned to the circulating fuel stream by . • 
directing it to the ion exchanger. This may be accomplished by connecting a cathode exhaust line to the [ 
cathode exhaust of the fuel cell in which the cathode exhaust line comprises a water separator that is : ■ 
fluidly connected to said ion exchanger. 

fertf Be:s&^ . ••• ' ' . •;./ \ { ; ■ ' . . ; - • 

Figure 1 is a schematic diagram of aiiquid feed solid polymer fuel celli system comprising a preferred fuel 
circulation subsystem. : ; . . ; ::• ; ' ' .-: • : • . .-. ' •. . ' 



Detailed Description Of A Preferred Embodiment . , . 

Figure i is a schematic diagram of a preferred liquid feed solid polymer fuel cell system comprising a fuel 
cell 10 having anode chamber ; 12 and cathode chamber 14, separated by solid polymer proton > - .: . 

conducting membrane 16. . \ \ • • •. •: . . ■ 

The anode chamber 12 Is supplied with a liquid fuel mixture by anode supply line 18. The fuel may be 
any substance that can be directly oxidized In the fuel cell selected from the general structural formula H 
[CH20-] n-Y wherel < n < 5 and Y=H orY=CH3. In the following description, the liquid fuel mixture 
comprises methanol and wate r. While this represents a preferred embodiment, other fuels may be used 
and the liquid fuel mixture may optionally comprise other ionic or non-ionic additives (e. g. additives with 
favorable antifreeze properties or acid). Other possible fuels include branched variants bf the preceding 
formula, such as, for example, dimethoxymethane or trimethoxym ethane. Oxidant is supplied to cathode . 
chamber 14 by cathode supply line 20. ' . / " . . : ; .. ' : ■ .. ■•• . "• ■ ■■ 

In the following description, ambient air is used as the oxidant 

In fuel cell 10, the fuel is oxidized at the anode, and the oxygen contained in the air is reduced at the 
cathode. These electrochemical reactions take place at suitable electrocatalysts adjacent opposite sides 
of the proton conducting membrane 16. Protons then migrate from the anode, through the proton % '■' 
conducting membrane 16, and react with oxygen at the cathode to form water. This electrochemical 
reaction generates a voltage between the two electrodes. By connecting rriany such fuel cells in series or 
parallel to form a stack, electrical power can be obtained that is sufficient, for example, for the propulsion ; x 
of a vehicle. . . j t ' : . • .• . ••' ' - ! r ^ ! "- J - ; - - : • • ••• ' ' : 



The fuel stream exiting tfte fuel cell at the anode outlet contains carbon dioxide reaction product and . r 
Unreacted Bilb!$M^jMl^ 3H : 

exhaust line 22. . .• : .' . • • . .\ : - ';. : . .'" ■ .' " • •• : . •• 

The cathode exhaust contains oxygen-depleted air and water vapor and is exhausted via cathode it '■" ,; ! 
exhaust line 24/ To obtain a high operating efficiency, the air oxidant is supplied at elevated pressure to 
pathode chamber 14. To compress the air oxidant, compressor 28, : powered by electric motor 26, is ; 
located in cathode supply line 20. Compressor 28 takes in the desired air mass flow and compresses it to 
the desired pressure level. The compressed air may optionally be cooled using a colder fuel stream via I 
neat exchanger 17 coupled to anode supply line 18. When using ambient air as the oxidant, preferably % 
an air filter 30 is included hear the inlet of cathode supply line 20, upstream of compressor 28; A portion " =• 
of the energy needed for the compression of the air oxidant can be recovered with the help of expander ' % 
32, located in the cathode exhaust line 24. Preferably, compressor 28 t expander 32,. and electric motor 
26 are installed on a common shaft. The power output of the fuel cell is adjusted by controlling the 
rotational speed of the compressor 28, and hence the mass flow of air delivered. 

On the anode side, the water/methanol fuel stream mixture is circulated at a preset pressure by pump 34. 
to ensure a constant oversupply of fuel to the anode. The ratio of water to methanol inthe circulating fuel 
stream is adjusted based on the methanol concentration as measured by sensor 36 located in anode • ''- 
supply line 18. Depending oh the signal from sensor 36, a concentration adjustment is made to the 
circulating fuel stream water/methanol mixture.: : . •: ■ ■ :; ■ ; ■ • 

The concentration is adjusted by directing liquid methanol from methanol tank 38, through methanol feed 
line 40, and then injecting it into anode supply line 18 using an injection nozzle (not shown) at connection 
44. Injection pump 42 is located; in methanol feed line 40 to. generate the pressure for injection; Thus, 
anode chamber 12 can be continually supplied ; with a fuel stream mixture having a constant or controlled 
methanol concentration. • • ■' ; . • • . .. . . • ' : '. p^lNv : \E ■ • "\ : : ( . ■ ' ' • '; ' . ; 

The fuel cell system shown in Figure 1 comprises a preferred subsystem for circulating the liquid fuel 
stream from the anode outlet of the fuel cell to the anode inlet. The subsystem comprises fuel circulation ' 
loop U ; that directs the anode exhaust through anode exhaust line 22, cooler line 48, circulation lines 50 i ■ : . ■ 



and 54, and anode supply line 18 to the anode inlet. The subsystem also comprises cooler by~pass lihe 
|£ tfiat|J$$t^^ Preferably, the subsystem also comprises an ion . *' . 

exchajip^^^or purifying ; 
pafsTine Funat is fluidiy connected in parallel to a portion of circulation loop U between cooler 46 and - .. <\ 
gas separator 52. . . ; • : .. . ; • . . ; if /. ■■" . ■ ■ ' ■ : ; . . ; ;/ 

Gaseous carbon dioxide reaction product is separated from the circulating : 
52. The remaining liquid in the circulating fuel stream continues through circulation line 54 to anode 
supply line 18. ; .. ' ' \ ." " • ' * • • ' ' . ' I 

The separated carbon dioxide gas is then directed to gas cooler 56 in order to condense out any : L : 
entrained methanol and water vapor. The condensed methanol and water are collected in liquid • . \ 

separator 58 and are then directed back to ion exchanger 74 and thus back into the circulating fuel y . . ■; 
stream. The remaining carbon dioxide gas, having a low content of residual entrained water and : 
methanol, is directed to cathode exhaust line 24 via. gas separator Iine60. There, it is mixed with the / 
oxygen- containing cathode exhaust in cathode exhaust line 24. Any residual entrained methanol is then : \ ' 
converted downstream to carbon dioxide and water vapor using exhaust catalyst 62. : : : 

To recover at least a portion of the water fronrithe cathode exhaust of the fuel cell, Water separators .. " ' [ U 
61,64, and 66 are located in the cathode exhaust line 24, hear the cathode outlet and upstream and ' 
downstream of expander 32. : : : , : : • ; 

Expander 32 thus serves as a compact condensing turbine, at the outlet of which a further portion of : 
water vapor may be condensed out. : : : : 

Additionally, after exhaust catalyst 62, the cathode exhaust is cooled to a desired temperature using heat ,' 
exchanger 68 that is control 

The combination of temperature control and the condensing turbine (expander 32} allows for a net 
positive mass; balance for water in the combined system (I e. where overall, more water is generated and 
captured in the system than is consumed in the system). The water collected in water separators 61 r 64, : 
and 66 is subsequently directed back to ion exchanger 74 and hence back into the circulating fuel stream 
Via return line 70 and using integrated return pump 72. : . : : .: " . ;'• ' : : ■ . 

A cooler 46 for cooling the circulating fuel stream is provided in coolant line ^S^downstream of the anode/ 
outlet. Coolant line 48 is connected to ion exchanger 74 downstream of cooler 46 (since the fuel stream , 
exiting the fuel cell stack is typically too warmTor an ion exchanger), fon exchanger 74 serves to collect M M - 
and purify: the circulating fuel stream arriving from the cooler 64, the condensed water and methanol .... 
arriving from liquid separator 58, and product water, originating from the cathode, arriving via return line 
70. The outlet of ion exchanger 74 is connected to circulation line 50 upstream of gas separator 52. As 
depicted, this connection comprises a one way valve 82 and an adjustable valve 8.4. . : : v 

During startup of the fuel cell system, a water/methanol fuel stream mixture is supplied to anode chamber 

12 through anode supply line 18; The anode exhaust comprising carbon dioxide gas and unreacted 

water and methanol, is directed to cooler line 48 and cooler by-pass line S via anode exhaust line 22. . '• • ;. • : 

During startup, valve 80 is preferably set to direct most if not all of the anode exhaust through cooler by- : : 

pass line S. With the ion exchanger, by-pass line K as depicted, even though valve 84 is open, almost all 

of the circulating fuel stream would flow through cooler by-pass iine S, since cooler 46 presents a .. ]yj: •. • : 

significantly larger flow resist^^ / ; / ; 

The fuel stream is then directed via circulation line 50 to gas separator 52 in order to separate carbon ' . \ . -" 
dioxide gas from the circulating fuel stream as described above. The fuel stream is then directed to . / 
anode supply iine 1 8 via circulation line 54. Fresh methanol is also injected, as required, into circulation .. - 
line 54 by injection pump 42. The fuel stream temperature is measured by temperature sensor 19 near ■ [".'■. 
the inlet of anode chamber 12. As the fuel stream temperature increases, valve 80 is adjusted such that \ 



an increased fraction of the circulating fuel stream flows through cooler 46 and ion exchanger by-pass : - ;: ' *'\ * • 

line K.When the fuel stream temperature near the inlet reaches a desired operating temperature, valve . ,• . ' 

80 is desirably adjusted to prevent flow through cooler by-pass line S and thus all the fuel stream is : : 

directed: through cooler 46. • ; V m- [ ■"!:;> : ^ v- ' \ . . ; * ; . : \ : . ' ', : ■ ' f\ : . .! 

Adjustable valve 84 is set such that a certain portion (e. g.1 0%) of the fuel stream flowing through cooler ; 

46 is directed through ion exchanger 74. The remaining portion of the fuel stream flowing through cooler •' ' ' 

46 is directed to gas separator 52 through valve 80 and circulation line 50. ; 

While particular elements, embodiments and applications of the present invention have been shown and ••• • % 

described, it will be understood, of course, that the invention is not limited thereto since modifications . 

may be made by those skilled in the art without departing from the spirit and scope, of the present 

disclosure, particularly in light of the foregoing teachings. : . H 



